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GTPases  function  as  intracellular,  bimolecular  switches  by adopting  different  conformational  states  in
response  to binding  GDP  or GTP.  Their  activation  is  mediated  through  cell-surface  receptors.  Rho  GTPases
act on several  downstream  effectors  involved  in  cellular  morphogenesis,  cell  polarity,  migration  and  cell
division.  In neurons,  Rho  GTPases  regulate  various  features  of  dendritic  and  axonal  outgrowth  during
development  and  regeneration  mainly  through  their  effects  on  the  cytoskeleton.  This  review  summarizes
the  main  functions  of  Rho,  Rac  and  Cdc42  GTPases  as  key regulators  of  morphological  neuroplasticity
under  normal  and  pathological  conditions.
© 2011 Elsevier GmbH. Open access under CC BY-NC-ND license.AP
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longation. Introduction
Outgrowing neuronal processes utilize an intrinsic, actin-based
readmilling mechanism to advance the leading edge of their
rowth cones, which represent highly specialized structures local-
zed at the tips of axons and dendrites. These cones extend
nger-like ﬁlopodia and veil-like lamellipodia highly enriched in
ctin polymer chains (Gallo and Letourneau, 2000; Smith and Li,
004; Letourneau, 2009). An appropriate substratum is required
Abbreviations: C3, Clostridium botulinum ribosyltransferase; cAMP, cyclic adeno-
ine monophosphate; Cdc42, cell division control protein 42 homolog; CRIB,
dc42/Rac interactive binding; DRG, dorsal root ganglia; ERK, extracellular signal-
egulated kinase; FAK, focal adhesion kinase; FGF-2, ﬁbroblast growth factor 2;
AP, GTPase-activating protein; GDI, guanine nucleotide dissociation inhibitor;
EF, guanine nucleotide exchange factor; GSK-3,  glycogen synthase kinase-3;
NK, Jun N-terminal kinase; LPA, lysophosphatidic acid; m-Dia, formin mam-
alian diaphanous; MAP, mitogen-activated protein; MLC, myosin light chain;
-WASP, neural Wiskott–Aldrich syndrome protein; NGF, nerve growth factor;
T3, neurotrophin-3; PAK, partitioning defective-6; PAR6, p21-activated kinase;
I3K, phosphatidylinositol-3 kinase; PIP, phosphatidylinositol 4,5-bisphosphate;
IP-5kinase, phosphatidylinositol-4 phosphate-5 kinase; PKN, protein kinase N; Rac,
as-related C3 botulinum toxin substrate; Ras, Rat sarcoma; Rho, Ras homologous;
OCK, Rho-associated coiled-coil-containing protein kinase; SAPK, stress-activated
rotein kinase; Smurf, Smad ubiquitination regulatory factor.
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Open access under CC BY-NC-ND license.for the generation of traction and tension within the growth cone.
Thereby, poorly attached processes are removed while adherent
ones are stabilized or move. Cell adhesion molecules, in particular
members of the integrin family, are central to our understanding
of the underlying molecular mechanisms of these processes which
are under tight regulation by neuronal growth factors and guidance
cues. Over the recent years, several small GTPases have been iden-
tiﬁed as key mediators of the interactions between cell adhesion
molecules and the cytoskeleton constituting axonal and dendritic
morphology. Among them, Rho GTPases are now regarded as major
regulators of axonal and dendritic growth.
Rho proteins act as molecular switches integrating signals from
the extracellular environment. They cycle between two confor-
mational states (from an active GTP-bound state to an inactive
GDP-bound state) by hydrolyzing GTP to GDP. Eukaryotic cells
contain hundreds of such low molecular mass GTPase switches
(appr. 21 kDa). The Ras superfamily of GTPases falls into ﬁve major
groups (Ras, Rho, Rab, Arf and Ran). The Rho and Ras families are
particularly relevant for cell biology by regulating morphogene-
sis, polarity, migration and division at the cellular level. Moreover,
at the molecular level they are involved in cytoskeletal dynamics,
vesicular transport and gene expression (Etienne-Manneville and
Hall, 2002). Rho GTPases were ﬁrst found in ﬁbroblasts as mediators
of ﬁlopodia and lamellipodia-formation (Nobes and Hall, 1995).
Subsequently, RhoA, Rac, and Cdc42 were identiﬁed as key regu-
lators of axonal and dendrite morphogenesis in tissue culture and
in vivo (Sebok et al., 1999; Hall and Lalli, 2010). The functional
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elevance of these three GTPases is underscored by gene knockouts.
ice lacking RhoB or RhoC exhibit no major developmental defects,
ut global deﬁciency of RhoA, Rac1 or Cdc42 is embryonically lethal
Heasman and Ridley, 2008).
In this overview, we focus on the mammalian Rho family that
omprises over 20 proteins and can further be divided into several
ubgroups (Fig. 1). The main members of four of these subgroups,
ho (RhoA, -B, and -C), Cdc42 (Cdc42, TC10, TCL), Rac (Rac1, -2 and
3, RhoG) and Rif (Rif, RhoD), belong to the classical Rho GTPases.
hese switches are regulated by their GTPase activities and under
he control of many switch activators (guanine nucleotide exchange
actors, GEFs) and inactivators (GTPase-activating proteins, GAPs).
ome of the GEFs and GAPs have been identiﬁed as regulators of
ssembly, disassembly and dynamic rearrangements of the actin
nd microtubule cytoskeleton (Linseman and Loucks, 2008; Marx
t al., 2005; Ng and Luo, 2004; Gad and Aspenstrom, 2010). A recent
enome-wide analysis of GAP functions in Drosophila identiﬁed
190 RhoGAP as essential stabilizer of axons involved in olfactory
earning and memory (Billuart et al., 2001). In addition, GDI proteins
guanine nucleotide dissociation inhibitors) prevent binding of Rho
TPases to plasma membranes by stabilizing the GDP-bound form
Siderovski and Willard, 2005). Furthermore, GDIs dissociate from
ho proteins in response to the activation of adhesion receptors of
he integrin family (del Pozo et al., 2004).
.1. Regulation
Activation of Rho GTPases is mediated predominantly through
ell surface receptors (cytokine-dependent, tyrosine kinase- or G-
rotein-coupled). Receptor tyrosine kinases (RTKs) are activated
y their respective ligands, which lead to the dimerization and
Fig. 1. Structure of the Rho protein family.my 193 (2011) 259– 266
autophosphorylation of the receptor and to the stimulation of var-
ious signaling pathways including small Rho GTPases (Fig. 2). Most
RTKs inﬂuence more than one Rho GTPase in a time course similar
to the activation of the Ras/Raf/ERK (extracellular signal-regulated
kinase) signaling cascade, i.e., within minutes (Schiller, 2006). Some
of these Rho proteins, in turn, activate MAP  kinase pathways, e.g.
c-Jun N-terminal kinase (JNK). Rac1 is activated by various RTKs
and induces phosphorylation of Raf (Coles and Shaw, 2002). RhoB
is involved in growth factor stimulated RTK trafﬁcking, thus play-
ing a role in modulating RTK signaling from endosomes (Gampel
et al., 1999). The link between RTKs and Rho switches is often con-
stituted by Rho GEFs. Some of them mediate signals from several
RTKs, while other Rho GEFs appear to be more speciﬁc for cer-
tain RTKs. The Rnd proteins represent atypical Rho family members
that lack intrinsic GTPase activity. Therefore, they remain constitu-
tively active and probably represent another link between RTKs and
Rho GTPases. For example, activated ﬁbroblast growth factor recep-
tor (FGFR) type 1 phosphorylates FRS2, which recruits Shp2 and
releases Rnd1 from FRS2. Liberated Rnd1 then inhibits RhoA and
promotes neurite outgrowth in FGF-stimulated PC12 (pheochro-
mocytoma) cells (Greene and Tischler, 1982; Harada et al., 2005).
1.2. Effectors
Rho proteins act on several downstream effectors involved
in the stabilization, contraction, polymerization and capture of
cytoskeletal building blocks. Among the critical associations are
RhoA binding to mDia (formin mammalian diaphanous), Rac1
binding to WAVE (WASP-family verprolin-homologous protein)
and Cdc42 binding to N-WASP (neural Wiskott–Aldrich syndrome
protein) which all induce protein assemblies required for actin
polymerization (Fig. 2). Microtubule stabilization is regulated by
RhoA, Rac1 and Cdc42 through the actions of mDia, PAK (p21-
activated kinase) or PAR6 (partitioning defective-6) (Iden and
Collard, 2008). Moreover, RhoA activates several other effector
proteins, among them the Rho-associated coiled-coil-containing
protein kinases, ROCKI and ROCKII, which in turn phosphory-
late myosin light chain (MLC) and its phosphatase resulting in
enhanced actomyosin-based contractility (Kimura et al., 1996;
Amano et al., 1996). Inhibition of ROCK in semaphorin-treated
embryonic hippocampal neurons reverses the stimulatory effect
on axonal branching and increases axonal length. In contrast,
dendritic branching is not markedly altered by ROCK inhibition
(Hunt et al., 2003; Vodrazka et al., 2009). Other downstream
signaling molecules of Rho proteins are not directly related to
the cytoskeleton, such as p38, which is required for calcium-
dependent excitotoxic cell death (Semenova et al., 2007).
1.3. Degradation
Ubiquitylation and proteasomal degradation of Rho GTPases
has been demonstrated as the decisive mechanism to limit and
spatially restrict GTPase signaling. The E3 ubiquitin ligase Smurf1
is responsible for the elimination of RhoA-GDP. Its overexpres-
sion reduces RhoA protein levels in Neuro2a cells during dibutyric
cyclic AMP  (cAMP) induced neurite outgrowth suggesting that
localized regulation of different subsets of Rho GTPases regulates
neurite outgrowth and guidance (Bryan et al., 2005). Further-
more Smurf is required for neuronal polarity. Smurf2 ubiquitinates
the small GTPase Rap1B, which is under the control of PI3K
(phosphatidylinositol-3 kinase). Degradation of Rap1B results in
restriction to a single neurite and thereby ensures that neurons
extend a single axon only (Schwamborn et al., 2007).
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Fig. 2. Regulation and downstream effectors of Rho GTPases RhoA, Cdc42 and Rac1 involved in shaping neuronal morphology. The PI3K/Akt and Ras/Raf/ERK signaling
pathways are activated by RTKs upon ligand binding. Both pathways are indispensable for neurite outgrowth during development and regeneration in response to growth
factors. The activation of the MAPK-machinery is implicated in elongative axon growth after injury. PI3K/Akt signaling is central to the regulation of cytoskeletal proteins
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. Axon elongation, sprouting and collateralization
Axon branches are formed by two different ways. Terminal
ranching is characterized by the bifurcation of the growth cone
hat gives rise to two or more separate axons shafts. Alterna-
ively, interstitial branching occurs by the de novo initiation of axon
ranches from previously quiescent regions of the axon (Bastmeyer
nd O’Leary, 1996; Schmidt and Rathjen, 2010). During transition
rom a dynamic ﬁlopodium to a stable branch, unbundling of axonal
icrotubules is necessary to enable microtubule ends to interact
ith actin bundles to form the emanating branch (Letourneau,
009; Yu et al., 1994). Microtubules then splay apart and invade
ctin-rich ﬁlopodial-like structures on the axon shaft (Kalil et al.,
000). Subsequently, microtubules become bundled again, and the
eneration of new actin protrusions stops in the plasma membrane
ateral to the bundled microtubules, thereby stabilizing the newly
ormed branch (Bastmeyer and O’Leary, 1996; Gallo, 1998). Ter-
inal branching is considered to occur in the process of axonal
utgrowth only, whereas interstitial branching may  take place
fter axonal development and target contact as well (Schmidt and
athjen, 2010).
In response to axotomy, it is particularly important to separate
egenerative axon elongation from axon sprouting (branching) and
oth processes from axon collateralization. Collateral axons branch
rom neighboring, uninjured axons which is distinct from sprout-
ng of lesioned axons (Blesch et al., 2005). Furthermore, axonal
prouting and elongation are regulated by different signaling mech-
nisms. Inhibitors of axon elongation have almost no effect on
ollateral branch formation indicating that there are different
echanisms for microtubule transfer to axon shafts or to collat-
ral branches (Gallo, 1998). Axons often stop elongating before
hey start to develop branches. For example, growth cone collapse
recedes terminal branching in retinal ganglion cells of Xenopus
mbryos (Campbell et al., 2001). Furthermore, enlargement anding RhoA as part of a receptor complex binding myelin-derived ligands like myelin-
elin glycoprotein (OMG). Effector proteins downstream of small GTPases include
keleton.
pausing behavior of growth cones is observed before axon branch-
ing starts (Tang and Kalil, 2005). Neurotrophic growth factors like
FGF-2 or NGF induce interstitial branching (Blesch et al., 2005;
Heffner et al., 1990) which is accompanied by an accumulation of
actin (Gallo, 1998; Kalil et al., 2000; Willis et al., 2007).
The Ras/Raf/ERK and PI3K/Akt signaling pathways (Fig. 2) are
both required for axon outgrowth, and each pathway induces dis-
tinct axonal morphologies (Atwal et al., 2000; Markus et al., 2002b;
Gallo, 1998; Jones et al., 2003). Overexpression of Ras and Raf stim-
ulates elongative axon growth by embryonic DRG neurons, whereas
overexpression of Akt or PI3K enhances axon calibre and branching.
Furthermore, neurotrophin-3 (NT3) induces more highly branched
and thicker axons than NGF (nerve growth factor) in different types
of embryonic neurons (Lentz et al., 1999; Markus et al., 2002b;
Ulupinar et al., 2000). Accordingly, NT3 activates Akt more strongly
than NGF in embryonic DRG cultures (Markus et al., 2002a). More-
over, NGF induces a stronger activation of Akt in adult DRG cultures
than FGF-2, and only FGF-2 but not NGF promotes elongative axon
growth in neuronal cultures obtained from animals with a precon-
ditioning sciatic nerve lesion (Hausott et al., 2009; Klimaschewski
et al., 2004) suggesting that FGF-2, but not the neurotrophins, pro-
motes long-distance regeneration in response to nerve injury at the
lesion site.
PI3K is activated at the leading edge of the growth cone (Zhou
et al., 2004). This enzyme is pivotal in regulating the cytoskeleton
dynamics of actin ﬁlaments through Rac and Cdc42 and of micro-
tubules via GSK-3 (Zhou and Snider, 2006). Activation of PI3K
is necessary for branch formation induced by NGF (Gallo, 1998).
The link between the main neurite outgrowth signaling path-
ways and Rho GTPases has been established primarily for PI3K/Akt.
Downstream of PI3K, Akt regulates the actin cytoskeleton via Rac1
(Kwon et al., 2000) and microtubule dynamics through the inacti-
vation of glycogen synthase kinase-3 (GSK-3; Zhou et al., 2004;
Yoshimura et al., 2005; Cross et al., 1995; Fukumoto et al., 2001).
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I3K-induced activation of Rac1 inhibits RhoA transiently during
GF-induced neurite outgrowth in PC12 cells (Nusser et al., 2002).
nactivation of GSK-3 leads to enhanced axon growth by adult
RG neurons (Jones et al., 2003) and by hippocampal neurons (Jiang
t al., 2005; Yoshimura et al., 2005). In addition, the ERK pathway
s involved in the regulation of gene expression underlying axon
aintenance (Zhou and Snider, 2006). However, ERK is required
or local axon assembly and regulates axonal microtubules and
ctin ﬁlaments as well (Atwal et al., 2000; Atwal et al., 2003; Goold
nd Gordon-Weeks, 2005). Inhibition of ERK results in depolymer-
zation of actin and growth cone collapse (Atwal et al., 2003), a
henomenon induced by the activation of RhoA, too.
. Speciﬁc functions of Rho GTPases in neuronal and glial
ells
Rho proteins are decisive in establishing intracellular asym-
etry in response to environmental cues. This function becomes
articularly obvious in neurons due to their complex polarity.
ne of the several cytoplasmic processes develops into an axon,
hereas the others become dendrites that later establish synaptic
ontacts with axons through the formation of actin-rich projec-
ions (spines). In general, Rho proteins inhibit neurite extension,
hereas Cdc42 and Rac act as positive regulators of neurite out-
rowth and dendritic spine formation by promoting membrane
rotrusion through actin ﬁlament assembly (Luo, 2000). However,
s discussed in this section, recent work has challenged the overly
implistic view that repulsion is mediated by Rho, whereas Rac and
dc42 promote attraction (O’Donnell et al., 2009).
Other novel aspects relate to the functions of Rho GTPases in glial
ells, which enfold multiple layers of plasma membrane around the
xon to form myelin. Ablation of Cdc42 in cells of the oligoden-
rocyte lineage results in a stage-speciﬁc myelination phenotype
haracterized by an enlargement of the inner tongue of the oligo-
endrocyte process. Similarly, knockout of Rac1 results in abnormal
ccumulation of cytoplasm in oligodendrocytes as well. In Schwann
ells, the lack of Rac1 produces a delay in the process of radial sort-
ng of axons and arrests myelination (Thurnherr et al., 2006). It is
onceivable that cortical actomyosin contraction pushes cytoplasm
ut as the membranes extend around the axon. Cdc42 deﬁcient
chwann cells are defective in axon myelination, and perturba-
ion of RhoA activity inhibits glial migration and defasciculation
f sensory axons (Feltri et al., 2008).
.1. RhoA
RhoA is critically involved in the growth cone response to col-
apsing guidance cues by promoting membrane retraction (Jin and
trittmatter, 1997; Kuhn et al., 1999; Thies and Davenport, 2003).
lit, ephrins, netrins, and semaphorins have all been demonstrated
o inﬂuence Rho GTPases (O’Donnell et al., 2009). Guidance recep-
ors like plexin-B inhibit Rac directly probably by sequestering Rac
rom its effector PAK. Within the growth cone, Rac1 and Cdc42
ctivities are high in the peripheral domain (P-domain), whereas
dc42 activity increases gradually towards the growth cone edge.
hoA activity is apparently high in the P-domain as well (Nakamura
t al., 2005). As expected, suppression of RhoA activity leads to a
oss or deformation of actin bundles in the growth cone. It is likely
hat RhoA-GTP is required in the P-domain to retain the spread
orphology of axonal growth cones, but leads to the retraction of
euronal processes when activated within the shaft. Accordingly,
hoA has been proposed to mediate cytoskeletal changes impli-
ated in limiting dendrite branching (Georges et al., 2008).
Although studies concerning axonal branching are less numer-
us, they indicate that RhoA affects elongation and branchingmy 193 (2011) 259– 266
of axons differently as compared to dendrites. Dominant nega-
tive RhoA decreases axonal branching in hippocampal neurons
obtained from embryonic mice (Ahnert-Hilger et al., 2004). How-
ever, constitutively active RhoA negatively inﬂuences dendritic
but not axonal branching. In contrast, RhoA facilitates branching
dynamics and the formation of small branches of upper cortical
layer axons in slice cultures, thereby acting as a mediator of activity-
dependent branching (Ohnami et al., 2008). In this context it is
noteworthy that RhoA mRNA is directed to axons via a targeting ele-
ment located in the 3′ untranslated region of its mRNA. Semaphorin
3A-mediated growth cone collapse is apparently due to the local
translation of the RhoA mRNA within the growth cone (Wu et al.,
2005).
On the other hand, data from animal models lacking molecules
involved in the regulation of Rho further complicate our under-
standing of Rho function in neuronal morphogenesis and plasticity.
For example, the lack of an adapter protein (FAK) activating Rho via
p190RhoGEF leads to enhanced axonal branching by Purkinje cells
and hippocampal neurons (Rico et al., 2004). Corroborating these
ﬁndings it was demonstrated that Rho-inactivating Rnd2 promotes
branching of PC12 cell neurites (Kakimoto et al., 2004; Fujita et al.,
2002; Riou et al., 2010). In line with these observations are results
showing that overexpression of constitutively active RhoA activates
GSK-3,  a key enzyme for regulating axonal elongation which is
itself regulated by inhibition (Sayas et al., 2002). However, Sayas
et al. demonstrated that GSK-3  is activated by lysophosphatidic
acid during neurite retraction in rat cerebellar granule neurons.
Since the activation of GSK-3 is blocked by coexpression with C3
transferase (Fig. 3), Rho appears to play a role in the regulation of
GSK-3 as well, thereby limiting axon outgrowth in most primary
neuron models.
Differential effects of various manipulations of the Rho/ROCK
pathway on neurite outgrowth may  be due to different develop-
mental stages of the animal models applied. Moreover, effects on
axonal or dendrite growth and branching are not necessarily identi-
cal throughout maturation. Nerve growth factor (NGF), for example,
induces growth of sparsely branched sensory axons in vitro at
embryonic day 13 (Lentz et al., 1999), but highly branched axons
in DRG neurons cultured from adult animals (Cafferty et al., 2001;
Klimaschewski et al., 2004).
3.2. Cdc42
With regard to Cdc42, studies applying dominant negative and
constitutively active mutants have demonstrated an important
function of this GTPase in ﬁlopodium extension by growth cones
and in multiple aspects of neuronal development, including axon
elongation and guidance by diffusible factors such as neurotrophins
(Watabe-Uchida et al., 2006; Yuan et al., 2003). Cdc42 is required for
ﬁlopodia formation and for concomitant activation of the actin reg-
ulator coﬁlin which is inactivated by phosphorylation. Mice with a
conditional knockout of Cdc42 in the brain die at birth and exhibit
decreased axon numbers and a reduced size of the brain cortex
with striking defects in the formation of axonal tracts (Garvalov
et al., 2007). Neurons from the Cdc42 null mice extend minor neu-
rites but have a strongly suppressed ability to generate axons. At the
cellular level, the cytoskeletal organization is disrupted, the growth
cones are enlarged and ﬁlopodial dynamics inhibited. The mutant
mice exhibit a speciﬁc increase in the phosphorylation (i.e., inacti-
vation) of the Cdc42 effector coﬁlin, and the reduction of this actin
regulator results in polarity defects.3.3. Rac
Rac1, Rac3 and RhoG all promote neurite outgrowth. Loss of Rac1
and Rac2 results in reduced branching of Drosophila mushroom
M.  Auer et al. / Annals of Anatomy 193 (2011) 259– 266 263
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aig. 3. C3 exoenzymes exclusively mono-ADP-ribosylate RhoA, B and C resulting
rom  the interaction with Rho GEF, a guanine-nucleotide exchange factor. C3, ther
nteraction of Rho with its effectors such as mDia or ROCK.
ody neurons (Ng et al., 2002), whereas overexpression of Rac1
nhances axon branching by chicken retinal neurons (Albertinazzi
t al., 1998). Expression of dominant negative mutants of Rac1
auses a reduction in the number of primary dendrites in corti-
al neurons. Conversely, the expression of active mutants of Rac
esults in higher numbers of dendrites (Threadgill et al., 1997).
onstitutively active Rac1 increases the proportion of collapsed
rowth cones in cultures of embryonic chick DRG neurons, whereas
ominant negative Rac1 inhibits collapsin-1 induced growth cone
ollapse and inhibition of neurite outgrowth (Jin and Strittmatter,
997). In contrast, studies in a conditional knockout of Rac1
n telencephalic neurons only reveal normal axon outgrowth.
owever, a failure of axons to cross the midline together with
efasciculation defects implies that Rac1 is more relevant for axon
uidance in the CNS (Chen et al., 2007). A similar phenotype was
emonstrated in mice lacking the RhoGEF Trio (triple functional
omain protein) (Estrach et al., 2002). Axon growth is decreased in
he absence of Trio probably due to the loss of Rac1 activation. Since
rio has two GEF domains which activate at least three GTPases,
he effect of Trio might be a combination of Rac, RhoG and RhoA
ignaling. The opposing functions of RhoA and Rac1 are probably
alanced by the GEF T-cell lymphoma invasion and metastasis-1
TIAM1) which regulates Rac-dependent actomyosin disassembly
van Leeuwen et al., 1999).
. The role of RhoA in myelin-dependent inhibition of axon
egeneration
In contrast to axons in the adult central nervous system
CNS), peripheral axons are capable of regrowth after axotomy.
hereas CNS axon tracts contain myelin-associated neurite growth
nhibitors (Schwab et al., 1993), the micro-environment of the
eripheral nerve is regarded to lack these inhibitors and provides
ufﬁcient support to stimulate and maintain axon regeneration into
he denervated muscle or skin. It is generally accepted that periph-
ral glia (Schwann cells) secretes neurotrophic factors required
or survival and regeneration as well as appropriate extracellular
atrix molecules (laminins) that function as substrate for inte-
rin receptors to stimulate the axonal growth machinery (Fu and
ordon, 1997). Moreover, the formation of scars or cysts, which
ct as major barriers for regeneration in the injured CNS (Fitch
nd Silver, 2008), is greatly reduced in the lesioned peripheral ner-igh afﬁnity complex with GDI. Non-complexed ADP-ribosylated Rho is inhibited
stabilizes the inactive GDP-bound form of Rho and, thereby, effectively blocks the
vous system. However, complete and functionally sufﬁcient long
distance regeneration is rarely observed, although sophisticated
microsurgical techniques have been developed for nerve repair
and nerve grafting (Maggi et al., 2003; Fawcett and Keynes, 1990).
Possible mechanisms underlying these deﬁcits in peripheral nerve
regeneration are currently under investigation including the pos-
sible presence of myelin-associated axon growth inhibitors.
The myelin-associated sialic acid-binding Ig-like glycoprotein
(MAG) and the reticulon family member Nogo are among the most
potent blockers of axon growth in the CNS. MAG  is found in glial
cells and inhibits regeneration by adult sensory neurons in vitro
(Mukhopadhyay et al., 1994) and in vivo (Torigoe and Lundborg,
1998). Nogo, which is expressed in three different splice variants
(Nogo-A, -B, and -C), is detected in neurons and glial elements.
Nogo-A is synthesized in oligodendrocytes and in several neu-
ronal populations particularly during development (Huber et al.,
2002). In contrast to MAG, however, Nogo-A is apparently absent
from Schwann cells (GrandPre et al., 2000). Nogo-B is ubiquitously
expressed, whereas Nogo-C is predominantly found in muscle
(Schwab, 2004). All three Nogo isoforms exhibit the C-terminal
66-residue inhibitory loop between two  putative transmembrane
domains (Nogo-66). Nogo-B lacks the N-terminally located NiG
domain that consists of several discrete regions with inhibitory
characteristics, the most potent of which is the 181-residue NiG-
D20 (Niederost et al., 2002). Both Nogo-66 and NiG cause growth
cone collapse (Fournier et al., 2001; GrandPre et al., 2000). Nogo-66
requires binding to the glycosyl-phosphatidylinositol (GPI)-linked,
leucine-rich repeat glycoprotein, NgR, while the inhibitory effects
of MAG  and NiG are also detected in cells that lack NgR expression
(Niederost et al., 2002; Schweigreiter et al., 2004). NgR mRNA and
protein are expressed in neurons projecting into peripheral nerves,
in spinal motor neurons and in a subpopulation of peripheral sen-
sory neurons (Hunt et al., 2002; Kim et al., 2003), both in rodents
and humans (Josephson et al., 2002).
Downstream from their receptor binding, MAG, Nogo-66 or
NiG induce a rapid increase in the amount of cellular GTP-bound
RhoA, at least partly mediated by the neurotrophin receptor p75
(Bandtlow, 2003; Schweigreiter et al., 2004; Fournier et al., 2003).
Trituration of cerebellar granule cells with the Rho-speciﬁc ADP-
ribosyltransferase C3 (Fig. 3) or application of the ROCK inhibitor
Y-27632 (Bito et al., 2000) signiﬁcantly improves neurite out-
growth on substrate-bound Nogo-66, NiG or MAG (Niederost et al.,
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002). The latter study revealed that C3 effectively suppresses
hoA activity and inhibits MAG- and Nogo-induced RhoA activa-
ion. Numerous axons of the optic nerve regenerate beyond the
esion site in response to crush injury following C3 treatment
Lehmann et al., 1999). Moreover, DRG neurons loaded or treated
ith C3 do not exhibit growth cone collapse upon contact with
ligodendrocytes (Niederost et al., 2002) and reveal enhanced neu-
ite outgrowth on myelin, MAG, and Nogog-66 substrates (Fournier
t al., 2003). Interestingly, non-steroidal anti-inﬂammatory drugs
NSAIDs) apparently promote DRG axon regeneration via RhoA
nhibition as well (Fu et al., 2007). Furthermore, the Rho kinase
ROCK) inhibitor fasudil (HA-1077) increases the number of large
iameter axons and enhances the amplitudes of distally evoked
ompound muscle action potentials in the mouse sciatic nerve
esion model corroborating the in vivo relevance of the RhoA/ROCK-
ignaling pathway during peripheral nerve regeneration (Hiraga
t al., 2006; Cheng et al., 2008). Another ROCK inhibitor, Y-27632,
romotes axonal growth on both myelin and adult rat spinal cord
ections (Borisoff et al., 2003), and enhances sprouting of the cor-
icospinal tract accompanied by improved locomotor recovery in
dult rodents in vivo (Fournier et al., 2003; Dergham et al., 2002).
aken together, RhoA is induced in motor and sensory neurons
fter axotomy and plays a central role in mediating the effects of
yelin-derived inhibitors on axon regeneration.
. Conclusions and outlook
Rho family GTPases act as molecular switches that couple
hanges in the extracellular environment to various intracellular
ignal transduction pathways. They are inﬂuenced by cell surface
eceptors and regulate distinct aspects of the cytoskeletal protein
achinery, such as actin polymerization and depolymerization,
nchoring and cross-linking, myosin motor activities and micro-
ubule stabilization. From a morphologist’s point of view the recent
evelopment of ﬂuorescent probes that non-invasively report the
hanging subcellular locations of each Rho GTPase activity in sin-
le living neurons is particularly promising (Pertz and Hahn, 2004;
ertz et al., 2006). These studies reveal that Rho GTPase signal-
ng dynamics occur on micrometer length scales and subminute
imescales to regulate a wide variety of morphogenetic events,
mong them membrane protrusion and rufﬂing underlying axonal
nd dendritic outgrowth as well as growth cone advance and turn-
ng during development and regeneration. In all likelihood, we will
oon learn how the speciﬁc interactions of one GTPase with differ-
nt guanine nucleotide exchange factors (GEFs), GTPase-activating
roteins (GAPs) and their effectors ﬁnally determine the details of
orphological plasticity in the nervous system.
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